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摘 要 
随着电动汽车和各种电子设备的快速发展，作为能源储存装置的锂离子电池
需要具有更高的能量密度、更高的功率且重量要小。但是目前锂离子电池主流的
石墨类负极材料的理论比容量仅为 372mAh/g，严重制约了锂离子电池的发展，
因此开发新一代更高容量的负极材料迫在眉睫。硅负极由于具有较大的理论比容
量（ca.4200mAh/g）、较低的工作电压（＜0.5V vs Li/Li+）以及在地球中丰富的
储量等优点，成为了研究热点并且被视为最具希望的下一代锂离子电池负极材
料。但是硅负极在充放电过程中存在巨大的体积膨胀效应，容易导致硅材料的粉
化。另外，由于硅是半导体材料，其导电性也很差。 
针对硅材料的这些问题，制备具有导电添加剂的 Si/M/C 复合材料，成为提
高硅材料电化学性能的有效手段之一。但是目前已报道的制备方法大部分需要苛
刻的实验条件、耗费时间较长，且所用原材料对人体有毒、价格昂贵。本论文采
用价格便宜的海藻酸钠和商业化的纳米 Si 颗粒为原料，利用海藻酸盐分子式上
大量官能团的特性，选择不同的交联剂，简单、快捷的制备了 Si/M/C 复合材料。
研究了不同导电添加剂及不同交联剂对复合材料电化学性能的影响。具体包括以
下研究内容： 
1. 以石墨烯为导电添加剂，通过海藻酸盐与 Ca2+交联形成水凝胶的反应，将
氧化石墨烯和纳米 Si 颗粒进行组装，经过高温碳化，制备了 Si/rGO/C 复合材料。
材料物性表征显示：在 Si/rGO/C 复合材料中，绝大多数纳米 Si 颗粒包裹在还原
氧化石墨烯片层和碳层之间，还原氧化石墨烯（rGO）和碳层共同缓冲 Si 在充放
电过程中的体积膨胀、加强了复合材料的导电性，同时避免了 Si 颗粒直接与电
解液接触，减少了副反应的发生，有利于稳定 SEI 膜的生成。Si/rGO/C 复合材料
用做锂离子电池负极材料时，在 1.0A/g 电流密度下经过 100 圈循环后容量基本
保持在 1000 mAh/g 左右，容量保持率为 77.6%；并且在 6.0A/g 电流密度下容量
依然有 643.7 mAh/g 左右，表现出优异的电化学循环性能和倍率性能。 
2. 以 Cu2+为交联剂，利用海藻酸盐与 Cu2+快速交联形成水凝胶的过程，将
纳米 Si颗粒嵌入到含有Cu2+的水凝胶中，经过高温碳化还原处理，制备了 Si/Cu/C
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复合材料。在该制备过程中 Cu2+既作为交联剂；同时还作为单质 Cu 的前驱体，
经过高温还原后转化为导电添加剂（单质 Cu），进而提高材料的导电性。结果表
明：高温碳化后，部分单质 Cu 与 Si 发生反应生成了 Cu3Si，且 Si/Cu/C 复合材
料的首圈库伦效率相比于纳米 Si 颗粒有较大的下降，并且随着高温碳化时间的
延长，首圈库伦效率下降幅度越大。但是复合材料的循环性能和倍率性能均有所
提高，其中Si/Cu/C-3h复合材料在 0.2A/g电流密度下循环充放电 100圈后Si/Cu/C
复合材料的放电容量仍然有 900mAh/g 左右，容量保持率达 76.9%。 
3. 以壳聚糖（CTS）为交联剂，通过海藻酸盐与壳聚糖发生静电交联形成不
溶于水的聚电解质复合物的反应，简单、快速的将纳米 Si颗粒与氧化石墨烯（GO）
进行组装，经过高温碳化制备了 Si/rGO/C 复合材料。该方法有效避免了与 Si 的
反应，结果显示：还原氧化石墨烯作为导电添加剂和碳层共同作用，有效提高了
材料的导电性并且抑制了 Si 组分的体积膨胀，Si/rGO/C 复合材料的电化学性能
有了较大的提高，其在 0.2A/g 电流密度下经过 100 圈循环后放电容量依然有
1163.5 mAh/g 左右，容量保持率为 72.7%；且该复合材料在 6.0A/g 电流密度下放
电容量稳定在 615.7 mAh/g 左右，表现出良好的电化学循环性能和倍率性能。 
关键词：锂离子电池  负极材料  Si/M/C 复合材料  海藻酸钠  交联剂   
导电添加剂 
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Abstract 
Owing to the rapid development of electric vehicles and electronic devices, 
lithium-ion batteries (LIBs) were required to have a high energy density, high power 
and light weight. However, limited by the theoretical specific capacity of graphite 
anode (372mAh/g), the energy density of LIBs is difficult to improve. Therefore, it is 
imperative to develop a higher capacity anode material. Silicon (Si) has been 
considered as the promising next generation of LIBs anode material, because it has 
the high theoretical capacity (4200 mAh/g), low working potential (＜0.5V vs Li/Li+) 
and rich reserves in the earth. However, the Si anode has a huge volume change 
during the charge/discharge process, which causing pulverization of Si material 
structure. In addition, as Si is a semiconductor material, its electrical conductivity is 
poor. 
To solve these problems of Si anode, the Si/M/C composite (M - electrical 
conductive additive), is one of the effective means to improve the electrochemical 
proformance of Si anode. However, most of these reports used the synthetic methods 
required to be carried out under strict conditions and time consuming, the raw 
materials used are expensive and toxic to humans. In this paper, we use the sodium 
alginate, which is a cheap material, and commercial Si nanoparticles as the raw 
materials. The Si/M/C composites have been synthesized by a simple alginate 
technology (cross-linking of alginate with different cross-linking agent). The effects 
of different electrical conductive additives and different cross-linking agents on the 
electrochemical properties of the the Si/M/C composites were studied. Including the 
following research: 
1. In this chapter, the Si/rGO/C composite is synthesized by the cross-linking of 
alginate with Ca2+, in which, graphene as the electrical conductive additive. Material 
properties are shown that most of Si nanoparticles are wrapped between the rGO 
sheets and the carbon layer; the rGO sheets and carbon layer provide a double 
protection against the Si nanoparticles. On the one hand, as a buffer for the volume 
change for Si nanoparticles and improve the electrical conductivity of composite; On 
the other hand, prevent the direct contact of the Si nanoparticles with electrolyte, help 
to form a stable SEI film. The Si/rGO/C composite delivers the reversible capacity of 
1000mAh/g and 77.6% capacity retention afer 100 cycles, when the current density is 
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1.0A/g. Furthermore, the discharge capacity is still 643.7mA/g at the current density 
of 6.0A/g, showing the excellent electrochemical cycle and rate performance. 
2. The Si nanoparticles were embedded into the hydrogel containing Cu2+ by 
cross-linking of alginate with Cu2+, and after high temperature carburization treatment, 
the Si/Cu/C composite was prepared. In the composite preparation process, the Cu2+ 
as a cross-linking agent, also as a precursor of Cu element and conversion into the 
electronic conductive additive, after high temperature reduction, resulting in improve 
the conductivity of the composite. The results show that part of Cu reacts with Si to 
form Cu3Si, and the initial coulombic efficiency of Si/Cu/C composite has a greater 
decrease, compare to Si nanoparticles. Furthermore, with the prolongation of high 
temperature carbonization time, the decrease of the initial coulombic efficiency 
(Si/Cu/C composite) is greater. However, the cycle and rate performance of the 
Si/Cu/C composite are improved. The Si/Cu/C-3h composite delivers a capacity of 
900mAh/g and 76.9% capacity retention at the current density of 0.2A/g after 100 
cycles. 
3. The Si/rGO/C composite was fabricated through the electrostatically 
crosslinking of alginate with chitosan (form an insoluble polyelectrolyte complex) and 
carbonization process. In the material preparation process, chitosan as the 
cross-linking agent, at the same time, avoid the reaction of with Si. The results show 
that rGO (electronic conductive additive) and carbon layer work together to 
effectively improve the conductivity of the composite and suppress the huge volume 
change of the Si nanoparticles. The Si/rGO/C composite delivers the reversible 
capacity of 1163.5mAh/g and 72.7% capacity retention afer 100 cycles, when the 
current density is 0.2A/g. Furthermore, the discharge capacity is still 615.7mA/g at 
the current density of 6.0A/g, showing the excellent electrochemical cycle and rate 
performance. 
Keywords: lithium-ion battery; anode material; Si/M/C composite; sodium alginate;  
Cross-linking agent; electrical conductive additive
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